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Available online 31 October 2016Designing landscapes that can meet human needs, while maintaining functioning ecosystems, is essential for
long-term sustainability. To achieve this goal, we must better understand the trade-offs and thresholds in the
provision of ecosystem services and economic returns. To this end, we integrate spatially explicit economic
and biophysical models to jointly optimize agricultural proﬁt (sugarcane production and cattle ranching), biodi-
versity (bird and mammal species), and freshwater quality (nitrogen, phosphorus, and sediment retention) in
the Brazilian Cerrado. We generate efﬁciency frontiers to evaluate the economic and environmental trade-offs
andmap efﬁcient combinations of agricultural land and natural habitat under varying service importance. To as-
sess the potential impact of the Brazilian Forest Code (FC), a federal policy that aims to promote biodiversity and
ecosystem services on private lands,we compare the frontierswith optimizations thatmimic the habitat require-
ments in the region. We ﬁnd signiﬁcant opportunities to improve both economic and environmental outcomes
relative to the current landscape. Substantial trade-offs between biodiversity and water quality exist when
land use planning targets a single service, but these trade-offs can be minimized through multi-objective plan-
ning.We also detect non-linear proﬁt-ecosystem services relationships that result in land use thresholds that co-
incide with the FC requirements. Further, we demonstrate that landscape-level planning can greatly improve the
performance of the FC relative to traditional farm-level planning. These ﬁndings suggest that through joint plan-
ning for economic and environmental goals at a landscape-scale, Brazil's agricultural sector can expand produc-
tion and meet regulatory requirements, while maintaining biodiversity and ecosystem service provision.
© 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).Keywords:
Sustainable agriculture
Production possibility frontier
Land use optimization
Land use policy
Tropical conservation1. Introduction
An additional 1 billion ha of agricultural land are predicted to be nec-
essary to meet future demands for food, ﬁber, and fuel (Tilman et al.,
2011). Much of this expansion in cropland and pastureland is taking
place in forest-rich tropical regions: N80% of new agricultural landphawthorne@umn.edu
. This is an open access article underbetween 1980 and 2000 came at the expense of tropical forests (Gibbs
et al., 2010); over 34% of recent global tropical deforestation
(2000−2012) occurred in Brazil (Hansen et al., 2013). Agricultural ex-
pansion in tropical regions negatively impacts natural habitats and the
ecosystem services they provide: e.g., regulating and purifying water
(Power, 2010), regulating climate through carbon storage (Baccini et
al., 2012), and supporting the majority of the world's biodiversity
(Jenkins et al., 2013). On the other hand, agricultural expansion is im-
portant to food security and economic development (Ramankutty et
al., 2008). As a result, planning strategies are needed that can increasethe CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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tem services provision.
Previous studies have tackled this challenge by spatially mapping
ecosystem services under alternative land use scenarios (e.g., Bateman
et al., 2013; Koh and Ghazoul, 2010; Law et al., 2015; Nelson et al.,
2009; Qiu and Turner, 2013). Importantly, their ﬁndings reveal that
landscapes that maximize only commodity production provide smaller
net social and environmental beneﬁts than landscapes that also priori-
tize other ecosystem services (e.g., water quality, carbon sequestration).
Further, they demonstrate that it is possible to provide high levels of
multiple services by considering land-use trade-offs and carefully
targeting the allocation of land use activities across a region. Themajor-
ity of research, however, tends to be limited by considering only current
landscape conditions or a few pre-selected scenarios, and by evaluating
outcomes based on a limited range of values ascribed to different ser-
vices. As such, potential thresholds in ecosystem service provision or
the most efﬁcient land-use options for multiple services may go unde-
tected. Expanding upon existing work, we model a range of land-use
scenarios and map efﬁcient combinations of agricultural land and natu-
ral habitat across varying levels of agricultural production (expansion)
under different service values. We apply this approach to a watershed
in the Brazilian Cerrado to inform landscape design that can sustain eco-
nomic activities together with biodiversity and ecosystem services in
the face of agricultural expansion.
1.1. Case study in the Brazilian Cerrado
The Cerrado biome harbors some of the highest levels of species
richness and endemism in the world, but has lost more than half of its
original extent due to cattle ranching and expansion of cash crops,
such as sugarcane and soybeans (Klink andMachado, 2005).With abso-
lute deforestation rates in the Cerrado now surpassing those in the Am-
azon (Soares-Filho et al., 2014) and with habitat loss projected to
continue (Lapola et al., 2010), the remainingnatural vegetation and eco-
system services that they support are at risk (Klink andMachado, 2005).
Thus, strategic land-use planning is needed to support livelihoodswhile
also protecting unique habitats for biodiversity and providing clean sur-
face water.
Current land use planning in the region is governed by Brazil's Forest
Code (FC): a federal policy that targets the protection of biodiversity and
hydrological services by mandating that a portion of natural vegetation
be maintained on private lands (Soares-Filho et al., 2014). Farm-by-
farm planning is required for FC compliance (Soares-Filho et al., 2014;
Sparovek et al., 2012a), but planning at a larger (e.g., watershed) scale
may better capture economies of scale for both agricultural production
and ecosystem services provision (Swift et al., 2004), and thereby im-
prove the impact of the FC (Kennedy et al., 2016). Brazilian states and
licensing agencies can inﬂuence the location of protected and restored
habitats and promote landscape planning, for example, by requiring
consideration of habitat connectivity in the placement of required natu-
ral vegetation (Silva et al., 2012). To assess the potential beneﬁt of such
larger-scale FC compliance, wemodel the outcomes for agricultural pro-
duction and environmental quality in a Cerrado watershed at two
scales, property (farm)-level (PL) and landscape-level (LL).
1.2. Multi-service spatial optimization
We apply a spatial optimization approach to examine the trade-offs
and thresholds in the provision of agricultural proﬁt (AP) and ecosys-
tem services (ES), proxied by freshwater quality (WQ) and biodiversity
(BD). For brevity, we collectively refer to BD and WQ as ES. Although
food production is an ES bymany classiﬁcation schemes, we distinguish
AP from BD and WQ in our assessment to evaluate the trade-offs be-
tween marketed and non-marketed services (given that the former
are often produced at the expense of the latter) (Carpenter et al., 2009).We integrate detailed spatially explicitmodels of AP (cattle ranching
and sugarcane production), BD (number of bird and mammal species)
and WQ (nitrogen, phosphorus, and sediment retention) to construct
efﬁciency (or production possibility) frontiers (Figs. 1, 3) (sensu
Polasky et al., 2008) that map efﬁcient combinations of agricultural
land and natural habitat, so that no increase in a service is possiblewith-
out decreasing another. We generate separate frontiers for each of the
combinations between AP and the ES, using a range of weights (as de-
scribed below). Varying the weights placed on BD and WQ allows us
to evaluate a range of predicted landscape outcomes under different
service preferences without imposing any assumed social value. To
compare the effects of planning at different scales, we generate efﬁcien-
cy frontiers 1)with no restriction on the amount or location of habitat or
agriculture (referred to as “unconstrained”); 2) enforcing a 25% habitat
constraint on each farm (referred to as “property-level” or PL, mimick-
ing the Forest Code); and 3) enforcing a 25% habitat constraint across
the entire landscape (referred to as “landscape-level” or LL, the whole-
landscape comparison to FC) (see Table 1).
Our approach is a methodological advance from previous ES optimi-
zations, which have been based on simpliﬁed or artiﬁcial landscapes at
small spatial scales (e.g., 1 km2) (e.g., Cong et al., 2016; Groot et al.,
2007) or have targeted only BD (e.g., Polasky et al., 2008) or a single ser-
vice like pollination (e.g., Brosi et al., 2008) or timber production (e.g.,
Lichtenstein and Montgomery, 2003), but have not considered more
than two ES objectives. We build upon these efforts by optimizing
land uses for multiple ES across an entire watershed and accounting
for the spatial dependencies of ES dynamically in land cover optimiza-
tions. Further, we vary the importance for BD and WQ to assess their
trade-offs at a watershed-scale, and vary the planning scale (PL vs. LL)
to evaluate the beneﬁts of spatial coordination of land use. Our aim is
to demonstrate the theoretical potential of land-use planning ap-
proaches under varying service preferences at different planning scales
to improve agricultural production and to sustain multiple ecosystem
services.
In contrast to the more commonly applied scenario-based assess-
ments (e.g., Bateman et al., 2013; Koh and Ghazoul, 2010; Law et al.,
2015; Nelson et al., 2009; Qiu and Turner, 2013), the efﬁciency frontiers
allow us to (1) assess whether current land use planning and policies
like the Forest Code are efﬁcient or whether improvements can be
made to increase both agricultural production and ecosystem service
provision, (2) examine the inherent complementarities and trade-offs
between the environmental and economic objectives, and (3) identify
potential thresholds in ES provision along a continuum of possible efﬁ-
cient combinations of land use. Thus, this approach has signiﬁcant im-
plications for improving agricultural and conservation policies in
hotspots like the Brazilian Cerrado.
2. Methods
2.1. Study area and Forest Code requirements
Our study area encompasses the ~400,000 ha Ribeirão São Jerônimo
watershed in Brazil's southeastern agricultural region (Fig. S1). It is cur-
rently comprised of mainly pasture that is being converted to sugarcane
(Klink and Machado, 2005; Lapola et al., 2010). b20% of the natural
habitat remains, made up of four dominant vegetation types (cerrado,
cerradão, semi-deciduous forests, and wetlands) (Fig. S2, Table S1). All
remnant natural vegetation is on private lands and is regulated by the
FC. In our region, this law requires that each farm maintains ~25% of
its area in natural vegetation. This percentage is based on our assess-
ment of the FC requirements using publicly available farm boundary
maps combined with ﬁeld surveys. For the PL scenarios, 25% of a farm's
area is placed under natural vegetation; for the LL scenarios, 25% of the
total area of the watershed, regardless of land tenure, is allocated across
the watershed. This percentage requirement is composed of both 1)
Legal Reserves (LRs), which require ~20% natural area set-asides
Table 1
Summary of the efﬁciency frontiers constructed that depict the trade-offs between agri-
cultural proﬁt and an ecosystem service objective (calculated as a weighted sum of biodi-
versity (BD) and water quality (WQ)). The frontiers differ in the preference (weight) for
BD and WQ for each proﬁt level and in the planning scale related to compliance with
the Brazilian Forest Code (FC). In our study region, the FC requires that each farm main-
tains ~25% of its land area in natural vegetation, which was met per farm at the property
scale and for the entire watershed at the landscape scale (for more details see SI text
S§1.1). For all frontiers, we generated tradeoffs when land use was optimized for proﬁt
versus only BD or onlyWQ, and jointly for BD andWQ to achieve intermediate outcomes.
See Fig. 1 for unconstrained frontiers and Fig. 3 for the property-and landscape-level
frontiers.
Planning scale Name %Natural habitat
restriction
Ecosystem services
objective
Unconstrained Only BD None High BD only
Unconstrained High BD None High BD + low WQ
Unconstrained Medium
BD
None Medium BD + medium
WQ
Unconstrained Low BD None Low BD + high WQ
Unconstrained Only WQ None High WQ only
Landscape-level Only BD 25% for the watershed High BD only
Landscape-level Medium
BD
25% for the watershed Medium BD + medium
WQ
Landscape-level Only WQ 25% for the watershed High WQ only
Property-level Only BD 25% per farm High BD only
Property-level Medium
BD
25% per farm Medium BD + medium
WQ
Property-level Only WQ 25% per farm High WQ only
223C.M. Kennedy et al. / Biological Conservation 204 (2016) 221–230anywhere on farms to protect biodiversity as required in the Cerrado
biome, and 2) Permanent Protected Areas (PPAs), which require ~5%
of vegetation be placed along stream banks and steep slopes to protect
water quality. Given the resolution of our data (90 m pixels), we do
not model the exact location of PPAs legally required along riparian
areas (width varies between 5 and 30 m depending on the farm size).
Instead,we allow PPAs alongwith LRs to be placed according to our spa-
tial optimizationmodels to evaluate the impacts of different spatial con-
ﬁgurations based on different service preferences (see below). Thus, our
results should not be strictly interpreted as speciﬁc, legally permissible
land use options. Rather our approach captures the intent of the FC,
while being generalizable to other regions and legal or planning con-
texts. See SI S§1.1 for details on the study area, land tenure mapping,
and Forest Code requirements in the region.
Supplementary material to this article can be found online at http://
dx.doi.org/10.1016/j.biocon.2016.10.039.
Other Supplementary data for this manuscript is provided on Con-
servation Gateway at: http://nature.org/TNC-Dow-Brazil.2.2. Agricultural proﬁt modeling
Our models target the two main agricultural activities in the region:
cattle ranching and sugarcane production. Although other agricultural
land uses exist (row crops and plantations), they were not included in
the models because they make up b1% of land area (Kennedy et al.,
2014) and, in contrast to sugarcane production, are not targeted for
commercial expansion in the region (Dow Chemical, 2008).1 In our
models, all land in the study watershed, with the exception of water
bodies and infrastructure, can be converted to either sugarcane or pas-
tures; an assumption that is tenable for the region. For each agricultural
activity, we constructed spatially explicit proﬁtmodels based on the dif-
ferences between the annual revenue and the annual production costs
using exceptionally detailed data obtained from a local commercial sug-
arcane producer (S§1.2a) and net proﬁts from cattle ranching studies
from the area (S§1.2b). The sugarcane yield model predictions were
veriﬁed with actual yields from nearby locations; the sugarcane and1 We note that while we do not model other crops (e.g., soybeans), the same approach
could be taken to do so.cattle ranching proﬁts were consistent with other studies. Our proﬁt
models are static and deterministic and do not model the processes un-
derlying the spatial patterns of development (e.g., placement of mills,
roads, or houses). See SI S§1.2 for details and S§3 for modeling caveats.
2.3. Biodiversity and water quality modeling
Wemodeled 407 terrestrial bird and 132mammal species expected
to occur in the study region (Table S2) using the Polasky et al. (2008)
model. This model predicts species-speciﬁc persistence probabilities
based on: 1) the amount of habitat required for a breeding pair, 2) the
relative suitability of habitat types, and 3) the ability of species to dis-
perse among patches in the landscape. These variables were parameter-
ized based on species information from global databases and ﬁeld
guides and determined based on allometric relationships for body size,
trophic guild, and home range size (Tables S3–S4). We also assessed
species compositional shifts in relation to the following ecological and
life history traits: trophic level, body size, habitat association, habitat
breadth, diet guild, diet breadth, endemism, conservation status, and
migratory status. See S§1.4 for details.
To quantify WQ services, we used the terrestrial nutrient and sedi-
ment models from InVEST 2.5.6 (Tallis et al., 2013). These models pre-
dict the amounts of N, P, and S in surface waterways for a given land
use pattern based on slope, soil characteristics, vegetation types, land
management, export and retention coefﬁcients. We parameterized the
models using local studies and spatially explicit data (SI S§1.3). To gen-
erate the frontiers, we converted the absolute N, P, and S loads for each
landscape to a reduction from a landscape that has only agriculture and
nonatural vegetation. In the optimization, N and Swere normalized into
a single weighted WQ index; P was dropped due to its high correlation
with S.
The BD and WQ models were based on steady-state systems and
were parameterized using spatially explicit data and parameters from
studies in the biomewhenever available. Predictions from our biophys-
ical models were consistent with published studies in the Cerrado or
deemed reasonable by expert review when studies were not available.
See SI for further details.
2.4. Land use optimization
We combined the AP, BD, and WQ models with optimization tech-
niques and constructed efﬁciency frontiers that depict the trade-offs be-
tween AP and an ES objective (calculated as a weighted sum of BD and
WQ). One of themain challenges of optimizing ES is that, inmany cases,
the value of a single land-unit for ES provision depends non-linearly on
the land use in neighboring units. To address the spatial dependence
issue, we used a greedy algorithm that updates the marginal value of
each potential land-use change per iteration. That is, the optimization
procedure allocated land use on the basis of its relative suitability for ag-
ricultural proﬁt for sugarcane and cattle ranching, bird and mammal
species richness, and N and S retention using iterated local search algo-
rithms. This approach builds on that of Polasky et al. (2008) and ac-
counts for proﬁt-conservation trade-offs not only in terms of species
habitat but also water puriﬁcation.
Each optimization generated an allocation of three land uses - cattle
ranching, sugarcane production, and natural habitat - to each pixel
(90 m2 unit). The choices between each land use were determined by
its relative effects on our three objectives (i.e., AP, BD, and WQ), and
the weights assigned to each service for the given run. We deﬁned our
objective function as FwðkÞ ¼∑rwrSrðkÞ , the sum of the value of
each service r given a landscape k, with weights w assigned to each
service. Depending on the model, we used either exact (AP and WQ)
or approximate (BD) functions,Mr, to calculate the change in the land-
scape service score given a change in a single pixel's land use, (k′), and,
thus, the marginal change in the total objective function: ΔFw ¼
224 C.M. Kennedy et al. / Biological Conservation 204 (2016) 221–230∑rwrMrðk;k0Þ. In a given run, we chose an initial landscape, ﬁxed the
weight vectorw, and then iterativelymade a series of objective-improv-
ing alterations to the landscape by changing the land use assigned to
particular pixels. In each iteration, we evaluated ΔFw for each potential
transition, selected a given number of pixels, N, with the greatest posi-
tive marginal values, and changed the landscape correspondingly (N
varies through the optimization, getting smaller as fewer positive
changes remain).We used the landscape fully-restored to natural vege-
tation as the initial condition for the unconstrained optimization except
for the Only BD frontier, where we used the current landscape as the
starting condition. In this latter case, this resulted inmore realistic land-
scapes given that the optimization's greedy heuristic tends to add or
subtract from existing habitat patches rather than create new patches.
To ﬁnd solutions that spanned the range of potential biophysical
values for the modeled services, we varied the weight vectors and re-
peated the optimization for each combination ofweights.We generated
frontiers optimized for and with positive weights on two services (AP
and only BD, or AP and only WQ), as well as with positive weights on
all three services under low, medium and high weight for BD relative
to WQ (see Table 1). Each frontier contains possible Pareto-efﬁcient
combinations of AP and ES under different weights for each service.
After normalizing to account for unit differences, the relative weights
for BD to WQ, respectively, were 1:0.5 for High BD frontier, 1:1 for Me-
dium BD frontier, and 1:5 for Low BD frontier. In combination with the
0:1 and 1:0 frontiers, these intermediate weight values illustrate the
range of potential three-way tradeoffs. Theparticularweightswere cho-
sen from a larger set of runs to be roughly evenly-spaced (or intermedi-
ate) between the two single-service curves (i.e., Only BD and OnlyWQ)
to capture the gradient of the relative preferences between BD andWQ
changes.We generated frontiers that depict the full range of biophysical
possibilities for BD and WQ vs AP. This approach allows for planners or
stakeholders to visualize the potential range of landscape outcomes
under varying service preferences; if known, weights can be tailored
to speciﬁc social preferences for nature conservation or can be informed
through participatory engagement or monetary valuation.
We used slightly different procedures to generate the policy-
constrained frontiers that had ﬁxed targets for total natural cover (at
property-or landscape-scales). While the unconstrained optimizations
followed the above procedure exactly, when we imposed the 25% natu-
ral habitat rule at the PL or LL, we used a two-stage algorithm. We used
the unconstrained solution for the current weight vector as the initial
condition. Then the ﬁrst step successively added or removed habitat
based on ΔFw scores until exactly 25% was assigned at each scale. Sec-
ond, we used a local-search improvement phase where a fraction of
each property's habitat was cleared and reallocated to increase Fw. As
with the unconstrained optimizations, we ran the optimizationmultiple
times for LL and PL scenarios, varying the relative weights between the
AP and ES objectives. See SI S§1.5–1.6 for details on the optimization
procedure.Fig. 1. Outcomes from the unconstrained optimizations between agricultural proﬁt fo
sugarcane and cattle ranching and I) biodiversity, II) surface water nitrogen (N) loads
and III) surface water sediment (S) loads for the Ribeirão São Jerônimo watershed in
Brazil. These efﬁciency frontiers depict the trade-offs between annual agricultural proﬁ
(AP) and an ecosystem service objective (calculated as a weighted sum of biodiversity
(BD) and water quality (WQ)). Optimizations differed in whether all weight was on
either BD or WQ (Only BD, Only WQ) or were jointly optimized with differen
weightings (Low, Medium, and High BD).† The reference for the reductions of N and S
loads is a landscape under full agricultural production. The “current” point denotes the
current land use. Points A–E illustrate the optimized landscape outcomes along main
frontier segments (see Fig. 2 for the resulting land-use patterns).
† For the joint service optimizations, the depicted curves are not frontiers in the
technical sense, but show the values of the component services. Frontiers slope upward
in the Only BD frontier (point A to B) because there is an addition of agriculturally
adapted species (see SI S§2.1c); and we chose to leave these points in to have simila3. Results
3.1. Improvements to the current landscape
We ﬁnd signiﬁcant opportunities to improve both AP and ES relative
to the current land use in the region. For the same level of proﬁt as in the
current landscape (~23million USD), waterway nitrogen (N), phospho-
rus (P), and sediment (S) loads can be reduced by over 50%, 30%, and 7%,
respectively, through the strategic placement of natural vegetation
(Fig. 1, points A–E, see Table S6 for both tons and% changes).2Moreover,
up to106 additional species could be supported, of which 95% are
forest specialists and 80% are dietary specialists (Table S9A–C). Further,2 Points A–E refer to the different landscape optimizations along main segments of the
efﬁciency frontiers (see Fig. 1).
ranges for all curves although they are not actually Pareto efﬁcient. The non-convexitie
occur in the joint-service frontiers (Low, Medium, and High BD) because the two-axi
ﬁgure represents only part of the optimized objective function.r
,
t
t
-
r
s
s
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concern can be supported while maintaining current proﬁt levels
(Table S9C, S§2.1c).
Our analysis indicates that, by preserving only 20–24% of natural
habitat, the region could support up to 97% of all bird and mammal
species (point C, Only BD) or retain up to 91–95% of N, P and S loads
(point C, Only WQ) relative to the fully restored (natural) landscape
under single-service optimizations, while still increasing AP from
current levels and without necessitating much more natural habitat
(Fig. 1, Tables S6–7). Thus, strategic land-use planning can achieve
improved outcomes for each service objective relative to the current
baseline.
3.2. Agricultural proﬁt and ecosystem services trade-offs
Along each frontier, agricultural expansion leads to higher AP with
concomitant decreases in both BD andWQ (Fig. 1). In agricultural land-
scapes (point E), N, P, and S loadings to waterways are predicted to in-
crease by 475–644, 43–56, 300–539 tons, respectively, relative to a
natural landscape (point A) (Table S6); higher loads are predicted
when less weight is placed onWQ. In addition, 140–191 bird andmam-
mal species are predicted to be lost, with greater declines in larger-bod-
ied species, habitat specialists, endemic species, species of conservation
concern, and non-migratory birds (Table S9, Fig. S7). Only 19% of wet-
land specialists, 25% of forest specialists, and 27% of Cerrado specialists
are predicted to be retained in a landscape fully converted to agriculture
(Table S9A). In contrast, smaller-bodied species, species with greater
habitat breadths, generalist species, species that prefer human-domi-
nated land cover, nectivores, andmigrants fare better under agricultural
expansion (S§2.1c).
3.3. Biodiversity & water quality trade-offs
Less BD is retained in the region when planning prioritizes WQ, and
vice versa. For example, when maintaining 20–25% natural habitat and
optimizing forWQ, 107–145 (51–69%) fewer species are supported rel-
ative to the analogous scenario optimizing for BD (point C, Fig. 1, Table
S6, S§2.1c). Under the same percent natural habitat, an additional 177–
346 N tons, 15–29 P tons, and 90–123 S tons are predicted to end up in
waterways, thereby reducing averageWQ by 15–30%, when land use is
optimized predominately for BD (Only BD andHigh BD frontiers) rather
than for WQ (Medium BD, Low BD, and Only WQ frontiers) (point C,
Fig. 1 and Table S6).
Overall, fewer trade-offs are detected between BD and S retention
(Table S6), where all frontiers exhibit a concave shape even when no
weight is attributed to WQ (Fig. 1 Panel III). In contrast, when land use
targets only BD, the loss in N retention beneﬁts is approximately linear
with increasing AP (Fig. 1 Panel II), and vice versa (Fig. 1 Panel I). How-
ever, these relationships become concave when land allocation targets
both BD and N retention (S§2.1b–c).
3.4. Multi-service planning
A large percentage of environmental quality improvement is possi-
ble by placing a non-zero weight on both BD and WQ (Table S6). At
least 94% of species, 93% of S and 73% of N and P retention can be
attained under joint optimization relative to when only one ES is maxi-
mized (points A–E, Fig. 1, Fig. S6).
Because the important natural habitat areas for these two objectives
do not coincide, joint service planning is needed to reduce BD and WQ
trade-offs (Fig. 2, S§2.1a). Tomaximize BD, natural remnants are largely
comprised of Cerradão, followed by semi-deciduous forest (Fig. S5), be-
cause these habitat types have the highest habitat suitability for species
(Table S3). Natural habitat is also concentrated in large and less
fragmented patches (Fig. 2). For example, the Only BD landscape has
2.8× more total core area, 3.7× less edge area, and core patches thatare 31× larger relative to the Only WQ landscape (point C, Table S12).
This habitat pattern arises because species are predicted to have higher
persistencewhen habitat is less fragmented, more connected, and com-
prises larger suitable habitat patches (Polasky et al., 2008).
In contrast, the areas important for WQ provision are concentrated
along water bodies and on steep slopes because these areas have the
greatest ﬁltering potential and/or protect critical pollutant loading
sites (Fig. 2).Wetlands and riparian forests, which are found in these lo-
cations (Fig. S3), and have higher pollutant retention capabilities rela-
tive to other land cover types (S§1.3), are preferentially preserved
when WQ is targeted. For example, at points B–C, an average of 72–
73% of all possible wetlands and forests are retained relative to only
9% and 29% of all possible cerradão and cerrado, respectively (Table
S7, Only WQ frontier).
3.5. Service thresholds
The slope of the efﬁciency frontiers, which indicates the opportunity
cost of providing an additional unit of ES, is not constant.When ≥50% of
the watershed is set aside for conservation (point B), a further addition
of natural vegetation to maximize either BD or WQ (to reach point A,
Fig. 1) results in small gains in species and in N, P, and S retention, but
signiﬁcant loss of AP: 62–100% and 43–83% loss in proﬁt in the Only
BD and Only WQ frontiers, respectively (Table S6). Conversely, when
thewatershed is allocated to agriculture (point E), strategically conserv-
ing only 10% of habitat (to reach point D) can support up to 75% of all
possible species (adding 87 species) and can retain ~64%, 52%, and
67% of N, P, and S loads at the expense of b8% foregone AP (Table S6).
All frontiers exhibit a threshold at 20–25% natural vegetation that
marks the point where the marginal costs change drastically in magni-
tude for all services. When agriculture spans N75% of the watershed,
gains in AP can be obtained at only a high cost to BD andWQ. Conversely,
b75%habitat clearance, the ES cost of agricultural production is relatively
low (point C, Fig. 1). The detected 25% critical habitat threshold for both
BD and ES is consistent with the FC requirements in the region (Fig. 3).
3.6. Forest Code compliance efﬁciencies
With the same amount of natural habitat as the current landscape,
FC compliance optimized at PL and LL scales can generate additional
~5 million/year USD in AP and improve aggregate WQ by 18–22%
when planning for this service (Fig. 3 Panel VI, Table S10). At both plan-
ning scales, placing higher weights on WQ generates higher pollutant
retention rates and results in landscapes where habitats are concentrat-
ed along riparian areas (Fig. 4, S§2.2b). Alternatively, when targeting
BD, FC compliance can support an additional 2 to 88 species (Table
S10, S§2.2c), with the larger gains under LL planning (Fig. 3 Panel I).
The greatest ES improvements occur when FC compliance places equal
weights on both BD and WQ.
Ourmodels predict that LL compliance can lead to outcomes that ap-
proximate the unconstrained frontiers and are, therefore, the best pos-
sible for the region under the 25% habitat requirement. Smaller
reductions in N, P, and S rates are found under PL relative to LL planning
regardless of the service weight (Fig. 3). These gains are evenmore pro-
nounced for BD: with LL planning boosting species richness by 9.1–
34.4% versus only 4.3–9.6% for average WQ (Table S10). Relative to PL,
LL planning can support up to an additional 72 species and comprise
at least 97% of species expected under unconstrained planning with
similar trait composition (S§2.2c). Fewer and different species are sup-
ported under PL planning because habitat is more fragmented, with less
habitat core and smaller patches with more edge (Fig. 4, S§2.2a).
4. Discussion
Our results underscore that strategic multi-objective land use plan-
ning at larger spatial scales provides clear opportunities to improve
Fig. 2. Land-use patterns corresponding to the coordinate points along each unconstrained efﬁciency frontier (points A–E, Fig.1) based on different preferences (or weightings) for
biodiversity and water quality. We optimized land based on the dominant agricultural land uses (cattle ranching and sugarcane production) and natural habitat types (wetlands,
forest, cerradão, or cerrado) in the region. Although other agricultural land uses exist (row crops and plantations) they were not modeled given they make of b1% of land area and not
forecasted to expand in the region. We assumed that all areas in the study watershed, with the exception of water bodies and infrastructure development, can be converted to cattle
ranching, sugarcane production, or natural habitat (see Methods and SI for further details).
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important to areas of high biodiversity and high potential for agricultur-
al expansion, like the Brazilian Cerrado (Klink andMachado, 2005). We
ﬁnd that our study region can generate higher agricultural proﬁt (AP)
while also supporting substantial improvements in both biodiversity
(BD) and water quality (WQ) compared to the current land use. Given
that inefﬁcient land use allocations have been found in other systems
(e.g., Polasky et al., 2008), we propose that many landscapes, similar
to our region, have opportunities to increase both agricultural develop-
ment and ecosystem services (ES) despite their trade-offs (Power,
2010). By examining potential beneﬁts of land-use changes under a
full range of preferences and at different planning scales, our framework
identiﬁes both “win-win” and “small loss-big gain” opportunities, both
of which are essential to better balance economic development with
long-term ecosystem function (DeFries et al., 2004).
Our ﬁndings have important implications for land use planning and
sustainability policy in Brazil and globally. First, identifyingwin-win andsmall loss-big gain outcomes requires an improved understanding of
non-linear ecosystem changes and thresholds in landscapes, which are
expected based on theory, but our understanding of them is limited
for real-world systems (Scheffer et al., 2012). The shape of the responses
of BD and ES to agricultural expansion andwhere tipping points lie will
inform effective land use strategies to help reconcile agriculture with
conservation (Chaplin-Kramer et al., 2015; Fischer et al., 2014). Concave
relationships, as predominately predicted by our models, suggest that
agricultural expansion can occur at little cost to both BD and WQ
under strategic habitat conservation until ~20–25% natural vegetation
remains in the watershed. This ﬁnding is consistent with the minimum
habitat thresholds detected for species in the Brazilian Atlantic Forest
(Banks-Leite et al., 2014) and elsewhere (Huggett, 2005), and is in line
with development impacts on stream conditions (Brabec, 2009).
On the other hand, when agriculture expands without spatially
targeting environmental beneﬁts, our models predict a linear loss in
both BD and N retention. Linear (and convex) relationships were also
Fig. 3. Forest Code (FC) compliance at the property-level (PL) and landscape-level (LL) in relation to analogous unconstrained optimizations. Panels I–II refer to the single-service
optimization for biodiversity (Only BD frontier); III–IV to the joint-service optimization (Medium BD frontier), and V–VI to the single-service optimization for water quality (Only WQ
frontier). Point “C” on the unconstrained frontier corresponds to the 25% habitat requirement of the FC at the two scales. The”current” point denotes the current land use. The
“property” and “landscape” and points approximate the FC compliance frontiers for PL and LL, respectively, under optimizations with different relative weights on AP, BD, and WQ.
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sion patterns of agricultural expansion on BD and carbon storage in
Mato Grosso, Brazil. Our results further indicate that the FC habitat re-
quirements fall very close to a pivotal threshold in our region, which
suggest that small reductions in natural vegetation can result in precip-
itous ES declines. The presence of pronounced thresholds and the po-
tential for steep declines when ES are not targeted raise questions
about FC performance without full and optimal compliance: which is
the norm in many regions in Brazil and may be exacerbated by the
2012 FC revisions that allow additional deforestation in the Cerrado
(Soares-Filho et al., 2014). A cautionary response by policy-makers
could be to minimize the potential of reaching undesirable thresholds
and ES losses by requiring and/or incentivizing the protection and resto-
ration of higher percentages of natural vegetation in sensitive land-
scapes. For example, the State of Piauí increased the required
percentage of LRs in rural properties from the traditional 20% to 30%
for Cerrado vegetation (Law 5699/2007).3
Second, our case study underscores the ability to mitigate not only
the trade-offs between AP and BD conservation, but also other ES. Re-
search on the effects of agricultural expansion has focused on minimiz-
ing impacts on BD and has relied on trade-off analyses between
commodity production and BD metrics to determine preferable land
use strategies (e.g., Phalan et al., 2011). This emphasis has been criti-
cized as limited in utility and impractical (Fischer et al., 2014; Kremen,3 http://legislacao.pi.gov.br/legislacao/default/ato/13386.2015; Tscharntke et al., 2012). As we attempt here, Fischer et al.
(2014) argues that more than two environmental goods, and varying
preferences, should be accounted for to provide a fuller assessment of
the trade-offs between alternative land uses.
We focus on BD andWQ given the legal precedent in Brazil (Soares-
Filho et al., 2014) and detect substantial trade-offs between these two
objectives because the geographic distributions of important land
areas do not coincide, as found by other studies (e.g., Naidoo et al.,
2008; Qiu and Turner, 2013). But we expand upon previous work and
demonstrate that joint optimization formultiple ES objectives can attain
on average N 80% of both BD andWQobjectives and improve overall en-
vironmental quality. Admittedly, BD and WQ are only two of a multi-
tude of beneﬁts and trade-offs that should be considered when
evaluating the impacts of agricultural expansion. In addition, the
trade-offs between BD and other ES depend on their degree of spatial
concordance, and may exhibit greater synergies than we detected for
ES that are tightly associated with natural vegetation communities
and whose provisioning depends on high levels of species (Cardinale
et al., 2012). Our optimization framework can be extended to include
other ES, such as natural pest control, pollination, timber production,
and carbon storage, where locally relevant and when data exist, and to
account for known social preferences, to more fully design multi-func-
tional landscapes.
Third, weﬁnd that landscape-scale planning can beneﬁt both BD and
WQ, without imposing additional costs to agriculture, relative to farm-
by-farm planning that is the norm in agricultural landscapes (Swift et
al., 2004). That LL planning can generate beneﬁts to agricultural
Fig. 4. Land use patterns resulting from the property-, landscape- and unconstrained optimizations for biodiversity only, joint biodiversity and water quality, and water quality only.
All depicted landscapes mimic the Forest Code requirements of 25% of the watershed area being under natural vegetation and correspond to point C in Fig. 3.
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an ES that can beneﬁt crop yields, Cong et al. (2014) demonstrates that
landscape-scale management boosts farm proﬁts relative to farm-level
practices. In the samewatershed as this study, Kennedy et al. (2016) re-
veals that landscape-level FC compliance can reduce costs to sugarcane
producers and provide ecosystem services, even when land use deci-
sions are based on maximizing sugarcane production proﬁts (without
targeting ES beneﬁts). Large-scale compliance can be achieved under
FC provisions that allow land owners to compensate (offset) their
legal requirements within the same biome by protecting habitats
(established or regenerating natural vegetation) on other properties
through land acquisition or leasing; donating lands within protected
areas to the government; or purchasing an Environmental Reserve
Quota (CRA) (tradable legal title to surplus native vegetation) (Silva
and Ranieri, 2014; Soares-Filho et al., 2014). Although there is on-
going debate about the appropriate scale for mitigation in Brazil and
in other countries, a more restricted geographic scale than the biome,
such as a hydrographic basin (as done in ourmodeling), is recommend-
ed to better ensure ecological equivalency and social equality in the
compensation of biodiversity and ecosystem services (Silva et al.,
2012; Silva and Ranieri, 2014; Sparovek et al., 2012b; Tallis et al., 2015).
Our case study highlights that the planning scale greatly impacts the
outcomes of land use design, but themagnitude depends on the charac-
teristics of each ES. For BD, landscape planning is predicted to beneﬁt
bird and mammal groups that are threatened globally by habitat con-
version: larger-bodied species, habitat and dietary specialists, endemic
species, and species of conservation concern (Davidson et al., 2009;Sekercioğlu, 2012). The reason is that optimized landscapes are com-
prised of larger, more intact and connected patches that are farther
from human disturbance, which have been empirically shown to im-
prove species diversity and communities at regional (or gamma) scales
(e.g., Haddad et al., 2015). To maximize WQ, natural habitat is consis-
tently concentrated along riparian areas at both property and landscape
scales, which suggests that farm-level decision-making, as regulated by
the FC, has the potential to better meetWQ than BD objectives. Yet,WQ
improvements are still possible at larger spatial scales because of the
greater ﬂexibility to place habitats in the best spatial conﬁguration
that spans more than single farm. Thus, ES beneﬁts are likely from LL
planning when their biophysical requirements operate at geographic
extents larger than a single farm and are unevenly distributed across a
region (Stallman, 2011; Swift et al., 2004). Although the beneﬁts of a
landscape design for ES has been less studied than for BD (Mitchell et
al., 2015), services like pollination, pest control, ﬂood control, and na-
ture recreation, among others, are expected to improve when land use
is coordinated across multiple properties in agricultural settings
(Stallman, 2011).
Our results hinge on the assumption that private lands can be con-
verted to the most proﬁtable use and/or the most ES-delivering habitat
types. This assumptionmay bemore tenable under conditions similar to
those in our region where landscapes dominated by cattle farms are
being converted to commercial crop production where proﬁtable
while habitats are being protected and restored as required by law
(S§1.1). In addition, our modeling focused on the spatial arrangement
of natural habitats within a human-modiﬁed landscape to optimize
229C.M. Kennedy et al. / Biological Conservation 204 (2016) 221–230both agriculture and conservation under existing farming practices. Fu-
ture extensions of thiswork could examine the additional beneﬁts of in-
creasing agricultural efﬁciency and adopting agro-ecological farming
techniques, such as conservation agriculture, crop rotation, natural
pest management, organic fertilization, improved fodder grass selec-
tion, rotational grazing, and integrated crop-livestock systems, which
may further mitigate negative impacts and prevent displacement of ag-
ricultural activities elsewhere (Kremen, 2015; Sparovek et al., 2007;
Strassburg et al., 2014).
In order to identify win-win and small loss-big gain outcomes in
real-world systems (DeFries et al., 2004), it is imperative to increase
the awareness and understanding about the trade-offs and thresholds
in the provision of ES and economic proﬁt with case studies
(Groffman et al., 2006). Modeling approaches, like our optimization
framework, that assessmultiple economic activities alongwithmultiple
ecosystembeneﬁts, and account for different preferences, can help eval-
uate the potential performance of land use policies like the FC in Brazil
and others elsewhere (O'Farrell and Anderson, 2010). However, mech-
anisms, like payment for ecosystem services, tradeable environmental
reserve quotas, and market incentives, need to be in place to foster
land-use planning across properties to implement optimal landscapes
that balance both private economic and public environmental beneﬁts
(Bateman et al., 2015; Cong et al., 2014; Polasky et al., 2014). To inform
the optimal design of land use policy or incentive mechanisms in prac-
tice, future modeling work should also seek to incorporate inﬂuential
spatial interactions and potential dynamic feedbacks between conser-
vation and development (Armsworth et al., 2006), and to consider
land use transition constraints, the distributions of costs and beneﬁts,
and the role of uncertainty (see S§3 for details) (Fischer et al., 2009).
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